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I963 T o UNDERSTAND THE GAS TRANSPORT function of the blood, these data are required: the oxygen capacity, the oxygen dissociation curve, the buffering capacity, the carbon dioxide dissociation curve, the Bohr effect (the effect of changes in pH on the oxygen dissociation curve), and the Haldane effect (the effect of changes in oxygen saturation upon the carbon dioxide dissociation curve). The oxygen capacity and the oxygen dissociation curve of the blood are known for many mammals.
It is not clear whether the established differences among animals are important for gas exchange. The high oxygen affinity of the blood of the llama suggests an adaptation to its high-altitude home. Blood of the rat, mouse, or cat shows a relatively low affinity for oxygen when com- pared to larger mammals, suggesting a relationship between blood oxygen affinity and metabolic mass (I). A correlation also exists (2) between the shape of erythrocytes and the oxygen affinity.
To further clarify these relationships we have studied blood from the yak (another high-altitude resident), the camel which has oval erythrocytes and is a relative of the llama, the deer whose erythrocytes become sickleshaped, and the elephant which, among the mammals, has the largest red cells known.
As the second largest living mammal, the elephant will also contribute to the suggested correlation between oxygen affinity and oxygen consumption.
The rare opportunity of studying the blood of these animals led us to carry out some measurements which have no direct bearing on the respiratory function of the blood but which may be important for comparative physiology.
METHODS
General. About 50 ml of venous blood were drawn without anesthesia from each animal. The blood for gas analysis was mixed with o. I % sodium fluoride, o. 2 % potassium oxal &ate, and powdered heparin (Vetren) . It was kept in ice water for a maximum of 4.5 hr before analysis. Blood for elect *olyte analysis was prevented from clotting with calcium h.eparinate and centrifuged within 45 min of sampling.
Blood counts, blood smears, and hematocrits were prepared within 20 min of blood withdrawal. Blood gas analysis. Equilibration, analysis, and calculation of gas content in the blood samples and construction of the oxygen dissociation curves were done as described in detail by Bartels and Harms (3) Tables 2 and 3 and Fig. I , the most important data are presented. Among the mammals which live at high altitude, only the llama glama and llama vicuna have previously been studied (16, I 7). The high oxygen affinity of the blood in these animals has been likened to that of fetal blood (I 7) and clearly aids in the uptake of oxygen by blood in the lungs at high altitude.
It has not been demonstrated, however, whether this increased oxygen affinity is an adaptation to high altitude or if these animals, because of previous high blood oxygen affinity, have been able to survive and succeed biologically in places of great height. The blood of the camel, which belongs to the same family as the llama, I-as a half-saturation pressure of 24. I mm Hg, relatively close to that measured in the llama. In contrast, the' yak, an animal which lives in altitudes equally high as the llama, has a lower blood oxygen affinity, resembling that ol" humans (a TG0 value of 26 mm Hg) and its relative, the domestic cow. This association of evidence suggests that the shape of the oxygen dissociation curve of llama blood is a family characteristic which enables the species to live in high places rather than an adaptation to high-altitude living. When the shape of the curves is considered (Fig. I) , the steepness of the upper part of the yak blood curve is a feature which would encourage oxygen uptake in the lungs under lowered oxygen partial pressure. The lowest oxygen affinity (expressed as the Tso value) BARTELS ET AL. Here there appears to be a parallel to the diminished oxygen affinity of human sickle erythrocytes (I 8). The animal which we studied had sickle cells (I o % in the blood smear), as has been described for several varieties of deer. It must be pointed out, however, that sickling in these animals is not related to low oxygen tension as in human drepanocytosis, but to alkalosis of the blood (I 9).
The highest oxygen affinity was shown by blood from the African elephant.
The suggested correlation between metabolic mass and oxygen affinity (I) is supported by our findings that the T50 value is lowest in the African elephant (2,300 kg) and highest in the deer (35 kg). Although our other subjects were of intermediate weight and had intermediate Tco values, there was no regular correlation among them between T 50 and body weight.
However, the general rule of increasing oxygen affinity with increasing body size finds general support from this work.
Oxygen capacity. We found a high oxygen capacity in the llama in agreement with Hall and co-workers (16) in llamas at sea level. In the single animal which they studied at high altitude they found a decrease of oxygen capacity with increasing altitude. [20] [21] [22] ~01%. Only the African elephant has an appreciably lower value with I 6 ~01%. Despite the reservation mentioned above, we believe this finding to be valid since three values showed only small variation. Lang and Undritz (20) showed that the circus elephant frequently has an anemia which can be corrected by the administration of iron. The animal which we studied had been treated in this way, so the low blood oxygen capacity can be regarded as physiological. "Standdrd bicarbonate" content of the blood. This value was about the same for all the animals except the deer. The lower value seen in the deer could have resulted from the great difficulty experienced in obtaining blood. The great motor activity before the puncture was accomplished would probably lower the carbon dioxide binding capacity (and increase the oxygen capacity). T/ze Bohr e$ect. This is of about the same size in the camel and the yak, smallest in the African elephant, and largest in the deer. The correlation between the magnitude of the Bohr effect and body weight which Riggs (2 I ) found in hemoglobin solutions does not appear in our results (P = 0.5). Furthermore, a quantitative estimation of the Bohr effect with regard to its efficiency in the delivery of oxygen to the tissue requires, in addition to knowledge of the Bohr effect, an understanding of its interaction with the oxygen capacity and the oxygen dissociation curve (5). One sees ( on the basis of calorimetric measurements.) The oxygen binding capacity can also be related to the erythrocyte volume (Oz/Vc ratio) (24). Again, 50 % more oxygen can be taken up per unit volume of cells in the Camelidae than in other mammals.
The belief that we are dealing with a higher hemoglobin concentration in the erythrocytes is further supported by the lower cell water content (Table 5 ) in these animals. These findings are especially remarkable since Perutz (25) has given 34 % as the highest possible hemoglobin concentration in the erythrocytes.
The thickness of the red cells is greatest in the yak and least in the Tylopoda.
Our observations give no support to the finding (26) that with increasing thickness of the red cells there is increasing oxygen affinity.
A connection between the oxygen affinity and the intra-or from our extracellular studies.
electrolytes cannot be established Starch block electrophoresis. Hemoglobin travels with increasing speed in the following order: camel, yak, deer, and African elephant.
Llama hemoglobin travels slowly at a speed similar to camel hemoglobin, but a strict simultaneous comparison of its migration speed with the other species was not carried out. Only in the yak does the pigment separate into two equally large components.
Oxidation speed. See Fig. 2 . The speed is greatest for camel and yak blood and least in the blood from the African elephant.
In the deer and camel the oxidation behaves, as in the human, like a monomolecular reaction. Yak, llama, and African elephant hemoglobin each BARTELS ET AL.
behave like a mixture of two hemoglobins with different reaction speeds.
Activity of glucose 6-phos$ate dehydrogenase. In comparison to human erythrocytes which are taken as IOO %, the activity in the erythrocytes of the llama is greater than 200 %, camel 165 %, African elephant 55 %, deer 40 %, and yak o %. It is noteworthy that the yak erythrocytes are the thickest, while erythrocytes from the llama
